The classical view of initiation of DNA replication proposes that trans-acting replication proteins interact with cis-acting DNA origin sequences. Replication of mitochondrial DNA (mtDNA) in Saccharomyces cerevisiae clearly requires nuclear gene products, but the requirements for specific cis-acting sequences and the role of trans-acting proteins in replication initiation are poorly understood. Wild-type [rho ϩ ] mtDNA has three to four sequences called reps (reviewed in reference 14) scattered around the genome (Fig. 1 ). These sequences share ϳ80% identity over a 300-bp sequence. Each contains three 100% conserved GC-rich blocks, termed A, B, and C, and an intact promoter adjacent to block C (Fig. 2) . Another set of closely related sequences contains blocks A, B, and C but lacks intact promoters; these sequences are considered to be inactive oris and are not designated as reps. By analogy with mammalian mtDNA, the promoter and the GC-rich blocks in rep sequences have been proposed to be part of two cis-acting replication origin elements that are thought to be functionally conserved from yeasts to humans (reviewed in reference 26). One element consists of block C and a promoter immediately upstream. A promoter is found upstream of a similar GC-rich sequence (CSB II) at the heavy-strand origin of human mtDNA replication. The other putative origin element is composed of a 34-bp inverted repeat formed by blocks A and B and an AT-rich region between them (Fig. 2) . This inverted repeat has the potential to form a stem-loop structure analogous to the potential stem-loop of the light-strand origin of human mtDNA replication. In contrast to yeast mtDNA, the mammalian mtDNA contains only a single set of these two elements, which are separated by a large fraction of the 16-kb genome. Two observations support a role for the promoter in replication initiation. First, both the human and the yeast mitochondrial RNA-processing RNases (MRPs), which have been implicated in the processing of RNA to produce primers for mtDNA replication, cleave the rep transcript in vitro near block C (6, 30) . Second, in vivo DNA-RNA junctions have been mapped to the vicinity of the in vitro MRP cleavage sites in mouse (7) and human (6) mtDNAs and for two different reps in mutant ([rho Ϫ ]) mtDNAs in yeast cells (3) . mtDNA replication in S. cerevisiae does not require rep elements: respiration-deficient deletion mutants of yeast mtDNA that lack rep or ori sequences are quite common. Deleted forms of mtDNAs usually retain less than 10 kb of the wild-type 80-kb mtDNA sequences (reviewed in reference 14) , and the retained fragment ([rho Ϫ ] mtDNA) is amplified as a heterogeneous population of direct repeats to a mass per cell that is equivalent to that of wild-type ( (14) . The nuclear gene RPO41 encodes the only known mtRNA polymerase. If the preferential inheritance of a hypersuppressive mtDNA requires transcript synthesis and cleavage, then this property should require RPO41. Previous experiments in our laboratory have shown that RPO41 is not required for mtDNA maintenance (11) . This result, along with the observation that [rho Ϫ ] mtDNAs can arise from many sites in the mitochondrial genome that do not contain rep sequences or consensus promoters, implies that there is another mode of replication that does not require transcripts as primers. Alternatively, the role of the promoter region of the rep sequence in biased inheritance may be through some activity other than transcription. The published data supporting a transcript cleavage mechanism to initiate mtDNA replication are not compelling, even in mammals (see Discussion). Therefore, we have directly tested the transcription dependence of the biased inheritance of hypersuppressive [rho Ϫ ] mtDNAs by mating RPO41 null (rpo41⌬) haploid cells.
MATERIALS AND METHODS
Strains. All S. cerevisiae strains used in this study were derived from A364a. The source and nuclear genotypes of the strains obtained for this study are shown in Table 1 . The mitochondrial genome of SG6/82d is a spontaneous deletion derivative of the mitochondrial genome of HS rho Ϫ 8-3 (27 ] kar1 strain. Synthetic media used for selection and methods for strain manipulation have been previously described (28) .
Plasmids and transformations. Cloned RPO41 (pJJ345) was obtained from J. Jaehning. prpo41⌬.n (pUC18 containing the rpo41⌬::URA3 fragment inserted in the polylinker at the SalI and SacI sites) was created by J. Henly in our laboratory. The rpo41⌬ fragment consists of the 1-kb SalI-BglII 5Ј fragment of the RPO41 gene ending 170 bp 5Ј of the ATG start codon and the 1-kb BglII-SacI 3Ј segment of RPO41 containing the last 135 codons (20) . The URA3 gene with attached BamHI linkers replaced the RPO41 sequences that lie between these BglII sites (Fig. 3) . Yeast strains were transformed according to previously published methods (13) . Each of the resulting strains was stained with DAPI and examined by fluorescence microscopy for the presence of mtDNA chondriolites (17) . Total cellular DNA was isolated and subjected to Southern analysis to confirm the correct RPO41 allele and mitochondrial genome for each strain.
DNA analysis. Total cellular DNA was isolated by using a modification of a previously described procedure (16) . Stationary phase cells (1.5 ml) were pelleted, and then 0.3 ml of acid-washed glass beads, 0.2 ml of lysis buffer (2% Triton X-100, 1% sodium dodecyl sulfate, 100 mM NaCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA), 0.1 ml of Tris-EDTA (TE; 10 mM Tris-HCl [pH 8.0], 1 mM EDTA), 0.1 ml of phenol, and 0.1 ml of 25:1 chloroform:isoamyl alcohol were added. The mixture was vortexed for 30 s and centrifuged. The nucleic acids were precipitated from the aqueous phase by adding sodium acetate to 0.3 M and then 2.5 volumes of ethanol. RNA was eliminated by adding 500 ng of RNase A prior to restriction endonuclease digestion. The mtDNAs were probed as follows: N28 and M4 were probed with the cloned 3.7-kb EcoRI fragment of mitochondrial COB gene DNA, HS3324 was probed with cloned HS3324 DNA, and HS82d was probed with the cloned 2.0-kb EcoRV fragment from HS8-3 [rho Ϫ ] mtDNA. RNA analysis. Total cellular RNA was isolated by a previously published method (22) . The RNA was dissolved in 50 mM Tris-1 mM EDTA-10 mM MgCl 2 -0.1 mM dithiothreitol. To reduce contaminating DNA, 2 g of RNasefree DNase I was added and incubated at 37ЊC for 1 h. The final RNA concentration was measured by UV A 260 . For a negative control, 64 g of RNA from each strain was hydrolyzed with alkali according to the method of Kelly and Lehman (18) . One quarter of each hydrolyzed sample and 16 g of DNA-free RNA were used in serial dilutions for RNA slot blots, using procedures described by Sambrook et al. (24) . mtRNA was probed with the same cloned mtDNAs used in mtDNA analysis as described above; nuclear rRNA was probed with the cloned 2.85-kb EcoRI fragment of the 35S gene of DNA coding for rRNA.
mtDNA inheritance assay (suppressiveness). Bias in the inheritance of [rho Ϫ ] mtDNA was measured, using modifications of a previously published assay (31) . Haploid cells were grown until they reached early to mid-log phase in rich medium containing 2% glucose ( suspended in 5 ml of YEPD and grown overnight at 30ЊC. Total DNA was isolated as described above, cut with restriction endonucleases, and subjected to agarose gel electrophoresis, and the mtDNA content was determined by Southern blot analysis (29) .
RESULTS
Mitochondrial protein synthesis appears to be essential for maintenance of the [ (Fig. 3) . The final strains are designated by nuclear and mitochondrial genotypes. For example, BS127/HS82d has the wildtype RPO41 allele and contains HS82d mtDNA, and BS127-rpo41⌬/HS82d contains the rpo41⌬ allele and HS82d mtDNA. All four [rho Ϫ ] mtDNAs were stably maintained in the rpo41⌬ strains.
mtRNA was analyzed by slot blot hybridization to verify that mitochondrial transcription was eliminated by deletion of RPO41. Serial dilutions of total cellular RNA were first hybridized with 32 P-labeled mtDNA probe, the extent of hybridization was quantified, the probe was removed, and then the blots were hybridized with a nuclear DNA probe coding for rRNA to assess total RNA on the blot. In spite of the absence of a consensus promoter, the neutral [rho Ϫ ] strain BS132/M4 contained substantial amounts of mitochondrial RNA, as did BS132/N28 (data not shown). Autoradiographs from a slot blot of BS132/M4 and BS132rpo41⌬/M4 are shown in Fig. 4 (Fig. 4, right panels) . RNA from [rho 0 ] strains served as a control for the specificity of the mitochondrial probe (Fig. 4, first In a previous study, mitochondrial transcripts from strains containing a disrupted copy of RPO41 were analyzed (11) . The effect of the disruption on mitochondrial transcripts differed for the two mtDNAs that were compared. The hypersuppressive strain, KL14-4a/HS3324, suffered a drastic decrease in the level of mitochondrial transcripts after the RPO41 locus was replaced with the disrupted allele. However, in the neutral [rho Ϫ ] strain, KL14-4a/S4, the mitochondrial transcript levels were not significantly affected. It is possible that the disrupted RPO41 allele produced a protein that, although incapable of specific interaction at the consensus promoter, was not completely defective. In the present studies we have used a null allele (rpo41⌬) instead of the disrupted allele. We found that the null allele produced no detectable mtRNA for any of the four mtDNAs tested.
Biased inheritance of rpo41⌬ strains. ] mtDNA in these matings, Southern analysis of restriction-digested total DNA, using probes specific for the different mtDNAs, was used to determine which mtDNA was present in a zygotic clone. For biased inheritance to be accurately measured, it is necessary to restrict the analysis to zygotes that result from matings in which both haploid parent cells contain mtDNA. 
, and from BS132/M4 cells treated with alkali (alkali rho Ϫ ) were analyzed by slot blot hybridization. The top panels contain RNA from RPO41 cells, and the bottom panels contain RNA from rpo41⌬ cells. The quantity of total RNA loaded per slot is shown in the column on the right. The blot was probed with cloned COB gene mtDNA to detect mtRNA (left panels) and then stripped and probed with cloned nuclear DNA coding for rRNA (rDNA) to detect nucleus-encoded RNA (right panels). Fig. 5, lanes 6 to 11) . However, in these homoplasmic zygotic clones, a small amount (Ͻ1%) of the second parental [rho In the matings between BS127/HS3324 and BS132/N28, all of the diploid colonies examined contained only HS3324 mtDNA, regardless of whether both haploid parents contained wild-type alleles (Table 3) or both contained null alleles of RPO41 (Table 3) . These haploid parent cultures had few [rho 0 ] cells (Ͻ5%). In BS127/HS82d ϫ BS132/M4 matings, most of the zygotic colonies contained only the hypersuppressive HS82d mtDNA, regardless of whether both parents were wild type or null for RPO41 (Table 3) . However, a few of the colonies did contain only M4 mtDNA in both the RPO41 ϫ RPO41 and the rpo41⌬ ϫ rpo41⌬ crosses (examples in Fig. 5,  lanes 6 and 11) . The percentage of cells with only M4 mtDNA (5% in the RPO41 cross and 15% in the rpo41⌬ cross) was exactly the same as the percentage of [rho 0 ] cells in the two parental HS82d mtDNA strains. Thus, the actual inheritance of the HS [rho Ϫ ] mtDNA was 100% in all cases ( Table 3 ). The number of diploid colonies screened in these experiments (20 to 40) is substantially lower than the numbers of diploid colonies examined in suppression tests in which selective growth on nonfermentable carbon sources can be used as a screen (100 to 300). Therefore, a small reduction in biased inheritance could have been missed. Nonetheless, it is clear that the mtRNA polymerase encoded by RPO41 is not required for the strongly biased inheritance of HS [rho Ϫ ] mtDNAs.
DISCUSSION
The presence of a family of highly related sequences (repori) in S. cerevisiae ] genomes that contain them implies a function in inheritance. One such function might be in replication initiation (5, 9) . The existence of some structural and sequence homology between rep sequences and elements of mouse and human mtDNA replication origins supports this hypothesis and has led to a theory of a universal mechanism of mtDNA replication (26) . According to this model, there are two essential origins of replication within each yeast rep sequence (Fig. 2) . Replication starts at the first origin, which is similar to the human heavy-strand origin, from primers made by cleaving transcripts initiated at the promoter immediately upstream of GC element C. Replication of the other strand starts at a palindrome, similar to the human light-strand origin, formed by blocks A and B and the intervening AT-rich sequences. Here, initiation by a DNA primase is thought to occur after the promoter-initiated replication fork has passed it. Hypersuppressiveness, the preferential inheritance of [rho Ϫ ] mtDNAs containing rep sequences, could then be explained by a competitive DNA replication advantage due to a greater density of these transcription-driven replication origins.
The rep sequence contains a consensus promoter for the RPO41 mtRNA polymerase, and the 5Ј ends of transcripts have been mapped to these promoters both in vivo and in vitro (2, 25 ] genomes that delete the promoter region were found to cause low transcript levels and very low-levels of suppressiveness. However, these mutants had also lost other sequences, including GC block C (2, 9). Thus, these observations do not prove that either the promoter or transcription per se causes hypersuppressiveness. ] mtDNA, since cells containing the null allele of RPO41 maintained their characteristic inheritance bias. One interpretation of our results is that rep sequences do not act by providing a replication advantage in the zygote but that they give a segregation advantage instead. For example, some part of the rep sequence, possibly including the promoter, may serve as a site for preferential attachment to the mitochondrial membrane; inheritance bias could be caused by the prevalence or scarcity of mtDNA molecules available to move into the daughter bud. Evidence suggesting an in vivo association of yeast mtDNA with mitochondrial structures has been obtained (1). Alternatively, it is possible that rep sequences do provide a replication advantage in the zygote but that transcription is not involved in this mechanism of replication initiation.
What is the evidence that replication initiation in yeast mitochondria is primed by transcription? Only one study of S. cerevisiae mtDNA replication origins in vivo has been reported. Presumed origins of bidirectional replication were mapped to the rep sequences of HS [rho Ϫ ] mtDNAs by S1 nuclease analysis (3). The 5Ј ends of DNA molecules were located downstream from the promoter, and some of these DNAs were joined to RNAs. Both results are expected from the transcript cleavage model for priming mtDNA replication. However, while the 5Ј ends of essentially all long RNA molecules mapped to the promoter, a small fraction of RNA 5Ј ends, which were attached to DNA, mapped downstream from the promoter. No evidence that the 5Ј ends of RNAs joined to DNA mapped to the promoter was obtained. Additionally, nascent DNA from the opposite strand had RNA-capped 5Ј ends that mapped to the same area, not to the A-B palindrome region. These results are consistent with initiation on both strands at or near GC block C by a DNA primase. Evidence that primers for DNA synthesis could be created by cleavage of rep transcripts comes from in vitro studies. Purified MRP endoribonucleases (from both S. cerevisiae and humans) can cleave rep transcripts that are made in vitro from an SP6 promoter, at or about the same positions that RNA-DNA junctions were mapped in vivo (30) . However, while mutational analysis has shown that the yeast MRP is required for normal processing of nuclear rRNA in vivo (8, 26a) , a role for the enzyme in the mitochondrion in vivo has not yet been demonstrated for any organism.
The hypothesis that replication in yeast mtDNA is initiated by cleavage of the rep transcript is heavily dependent upon observations with mammalian mtDNA systems. However, the data for promoter-driven mammalian mtDNA initiation are not complete. The three major human in vivo 5Ј mtDNA ends do not map to the sites of in vitro MRP cleavage in human mtRNA (6) . One of the in vivo ends actually maps 33 bp upstream of the promoter, and the other two map at sites more than 100 bp downstream of the MRP cleavage site. Only one of four additional minor in vivo mtDNA initiation sites maps to the MRP cleavage site. In humans, no evidence for any type of RNA primer at the major in vivo 5Ј mtDNA ends has been demonstrated. In mice, in vivo mtDNA strands from the Dloop region were shown to have RNA primers attached to their 5Ј ends (7) . The 3Ј ends of RNA molecules that initiate in the promoter region were also mapped, and a small fraction of these 3Ј ends do map to the location of the 5Ј mtDNA ends, ϳ150 nucleotides downstream of the promoter region, as expected for the transcript cleavage model. However, most of the nascent DNA-RNA copolymers have very short RNA stretches that do not begin at the promoter. Thus, even in mammalian mtDNA replication, the evidence for promoter-driven replication initiation is not yet definitive.
A requirement for rep sequence in the biased transmission of mtDNAs from yeast zygotes is very clear. However, there is little information about which elements within rep are required. An involvement of GC block A is supported by observations with two [rho Ϫ ] mtDNAs in which deletions in block A reduced suppressiveness about twofold (15) . This phenotype is temperature sensitive and may be the result of a thermally unstable cruciform created at the inverted repeat between GC block A and GC block B (2) . While the rep sequences in yeast mtDNA have an intriguing resemblance to the two replication origins in mammalian mitochondrial genomes, definitive evidence for origin function and possible mechanisms of initiation will require further molecular and genetic analyses. A systematic determination of the role of rep sequence elements in preferential inheritance will require systematic mutational alteration and analysis. If hypersuppressiveness can be established by transforming cloned rep sequences into [rho 0 ] yeast mitochondria, then functional assays of altered rep constructs will become possible.
